Measurement of the CP -violating phase φ s from B 0 s → J/ψ π + π − decays in 13 TeV pp collisions
Introduction
Measurements of CP violation in final states that can be populated both by direct decay and via mixing provide an excellent way of looking for physics beyond the Standard Model (SM) [1] . Heavy, as yet unobserved, bosons corresponding to new forces, or fermions can be present virtually in quantum loops, and thus affect the relative CP phase. Direct decays into non-flavour-specific final states can interfere with those that undergo B [2] . This number is consistent with previous measurements, which did not have enough sensitivity to determine a non-zero value [3] [4] [5] [6] [7] . In this paper we present the results of a new analysis of the B 0 s → J/ψ π + π − decay using data from 13 TeV pp collisions collected using the LHCb detector in 2015 and 2016. 1 The existence of this decay and its use in CP -violation studies was suggested in Ref. [8] .
Detector and simulation
The LHCb detector [9, 10] is a single-arm forward spectrometer covering the pseudorapidity range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector includes a high-precision tracking system consisting of a silicon-strip vertex detector surrounding the pp interaction region [11] , a large-area silicon-strip detector located upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip detectors and straw drift tubes placed downstream of the magnet. The tracking system provides a measurement of the momentum, p, of charged particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV.
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The minimum distance of a track to a primary vertex (PV), the impact parameter (IP), is measured with a resolution of (15 + 29/p T ) µm, where p T is the component of the momentum transverse to the beam, in GeV/c. Different types of charged hadrons are distinguished using information from two ring-imaging Cherenkov detectors [12] . Photons, electrons and hadrons are identified by a calorimeter system consisting of scintillating-pad and preshower detectors, an electromagnetic and a hadronic calorimeter. Muons are identified by a system composed of alternating layers of iron and multiwire proportional chambers [13] . The online event selection is performed by a trigger, which consists of a hardware stage, based on information from the calorimeter and muon systems, followed by a software stage, which applies a full event reconstruction.
At the hardware trigger stage, events are required to have a muon with high p T or a hadron, photon or electron with high transverse energy in the calorimeters. The software trigger is composed of two stages, the first of which performs a partial reconstruction and requires either a pair of well-reconstructed, oppositely charged muons having an invariant mass above 2.7 GeV, or a single well-reconstructed muon with high p T and large IP. The second stage applies a full event reconstruction and for this analysis requires two 1 In this paper mention of a particular final state implies use of the charge-conjugate state, except when dealing with CP -violating processes. 2 We use natural units where = c = 1.
opposite-sign muons to form a good-quality vertex that is well-separated from all of the PVs, and to have an invariant mass within ±120 MeV of the known J/ψ mass [14] .
Simulation is required to model the effects of the detector acceptance and the imposed selection requirements. In the simulation, pp collisions are generated using Pythia [15] with a specific LHCb configuration [16] . Decays of unstable particles are described by EvtGen [17] , in which final-state radiation is generated using Photos [18] . The interaction of the generated particles with the detector, and its response, are implemented using the Geant4 toolkit [19] as described in Ref. [20] .
Decay amplitude
The resonance structure in B 0 s and B 0 s → J/ψ π + π − decays has been previously studied with a time-integrated amplitude analysis using 7 and 8 TeV pp collisions [21] . The final state was found to be compatible with being entirely CP -odd, with the CP -even state fraction below 2.3% at 95% confidence level, which allows the determination of the decay width of the heavy B 
s A i , with η i being the CP eigenvalue of the state. For each transversity state i there is a CP -violating phase φ i s ≡ − arg(η i λ i ) [24] . Assuming that CP violation in the decay is the same for all amplitudes, then λ ≡ η i λ i and φ s ≡ − arg(λ). Using |p/q| = 1, the decay rates for B 
where the -sign before the cos(∆m s t) term and + sign before the sin(∆m s t) term apply to . 4 The fit provides the CP -even and CP -odd components, and since we include the initial flavour tag, the fit also determines the CP -violating parameters φ s and |λ|, and the decay width. In order to proceed, we need to select a clean sample of B 0 s decays, determine acceptance corrections, perform a calibration of the decay-time resolution in each event as a function of its uncertainty, and calibrate the flavour-tagging algorithm.
Selection requirements
The selection of J/ψ π + π − right-sign (RS), and wrong-sign (WS) J/ψ π ± π ± final states, proceeds in two phases. Initially we impose loose requirements and subsequently use a multivariate analysis. In the first phase we require that the J/ψ decay tracks be identified as muons, have p T > 500 MeV, and form a good vertex. The identified pions are required to have p T > 250 MeV, not originate from any PV, and form a good vertex with the muons. The resulting B 0 s candidate is assigned to the PV for which it has the smallest χ 2 IP , defined as the difference in the χ 2 of the vertex fit for a given PV reconstructed with and without the considered particle. Furthermore, we require that the smallest χ In addition, background from B + → J/ψ K + decays, 5 where the K + is misidentified as a π + and combined with a random π − , is vetoed by assuming that each detected pion is a kaon, computing the J/ψ K + mass, and removing those candidates that are within ±36 MeV of the known B + mass [14] . Backgrounds from To subtract the background in the signal region in the amplitude fit we add negatively weighted events from the WS sample to the RS sample, also accounting for the differing ππ mass and decay-time distributions. In addition, a small component of B 0 s → J/ψ η (η → ρ 0 γ) decays is also subtracted, since it is absent in the WS sample. The weights are determined by comparing the RS and WS mass distributions in the upper mass sideband (5420 − 5550 MeV).
Detector efficiency and resolution
The correlated efficiencies in m ππ and angular variables Ω are determined from simulation. We weight the simulated signal events to reproduce the B 0 s meson p T and η distributions as well as the track multiplicity of the events. The latter may influence the efficiencies of the tracking and particle identification. The calculated efficiencies are shown in Fig. 2 along with the determined efficiency function. The four-dimensional efficiency is parameterized by a combination of Legendre and spherical harmonic moments [33] , as uniform within about ±4% for cos θ J/ψ and about 10% for χ variables; however the m ππ and cos θ ππ variables show large efficiency variations and correlations (see Fig. 3 ), due to the χ 2 IP > 4 requirements on the hadrons. The loss of efficiency in the lower m ππ region can be understood as being due to kinematics; at cos θ ππ = ±1 and m ππ 0.6 − 0.8 GeV, which corresponds to the kinematic boundary of m [14] . From the measured B 0 s candidate momentum and decay distance, the decay time and its uncertainty δ t are calculated. The calculated uncertainty is imbedded into the resolution function, which is modelled by the sum of three Gaussian functions with common means and widths proportional to a quadratic function of δ t . The parameters of the resolution function are determined with a sample of putative prompt J/ψ → µ + µ − decays combined with two pions of opposite charge. Taking into account the decay-time uncertainty distribution of the B 0 s signal, the average effective resolution is found to 42.6 ± 0.6 1.54 ± 0.33 OS and SSK 24.9 ± 0.6 2.66 ± 0.19 Total 78.5 ± 0.7 5.06 ± 0.38 be 41.5 fs. The method is validated using simulation; we estimate the accuracy of the resolution determination to be ±3%.
Flavour tagging
Knowledge of the
s flavour at production is necessary. We use information from decays of the other b hadron in the event (opposite-side, OS) and fragments of the jet that produced the s or untagged, respectively. The wrong-tag probability, y, is estimated event-by-event based on the output of a neural network. It is subsequently calibrated with data in order to relate it to the true wrong-tag probability of the event by a linear relation as
where p 0 , p 1 , ∆p 0 and ∆p 1 are calibration parameters, and ω(y) and ω(y) are the calibrated probabilities for a wrong-tag assignment for B Table 1. 7 Description of the π
We fit the entire π + π − mass spectrum including the resonance contributions listed in Table 2 , and a nonresonant (NR) component. We use an isobar model [21] . All resonances are described by Breit-Wigner amplitudes, except for the f 0 (980) state, which is modelled by a Flatté function [34] . The nonresonant amplitude is treated as being constant in m ππ . The previous publication [21] used an unconfirmed f 0 (1790) resonance, reported by the BES collaboration [35] , instead of the f 0 (1710) state. We test which one gives a better fit. 
BES [35]
The amplitude A R (m ππ ) is used to describe the mass line shape of resonance R. It is combined with the B 0 s and resonance decay properties to form the m ππ dependent expression
Here P B is the J/ψ momentum in the B 0 s rest frame, P R is the momentum of either of the two hadrons in the dihadron rest frame, m B is the B 0 s mass, m 0 is the mass of resonance R, 6 J R is the spin of the resonance R, L B is the orbital angular momentum between the J/ψ meson and π + π − system, and L R the orbital angular momentum in the π + π − system, and thus is the same as the spin of the
and F 
Likelihood definition
The decay-time distribution including flavour tagging is
wheret is the true decay time, ( -) Γ is defined in Eq. (1), and A P is the production asymmetry of B 0 s mesons. The fit function for the signal is modified to take into account the decay-time resolution and acceptance effects resulting in
where ε(m ππ , Ω) is the efficiency as a function of m ππ and angular variables, T (t −t|δ t ) is the decay-time resolution function, and ε The free parameters in the fit are φ s , |λ|, Γ H − Γ B 0 , the amplitudes and phases of the resonances, and the shape parameters of some resonances. The other parameters, including ∆m s , and Γ L , are fixed to the known values [14] or other measurements mentioned below. The signal function is normalized by summing over q values and integrating over decay time t, the mass m ππ , and the angular variables, Ω, giving
We assume no asymmetries in the tagging efficiencies, which are accounted for in the systematic uncertainties. The resulting signal PDF is
The fitter uses a technique similar to sPlot [38] to subtract background from the log-likelihood sum. Each candidate is assigned a weight, W i = +1 for the RS events and negative values for the WS events. The likelihood function is defined as
where
i is a constant factor accounting for the effect of the background subtraction on the statistical uncertainty.
The decay-time acceptance is assumed to be factorized from other variables, but due to the χ 2 IP cut on the two pions, the decay time is correlated with the angular variables. To avoid bias on the determination of Γ H from the decay-time acceptance, the simulated B 0 s signal is weighted in order to reproduce the m ππ resonant structure observed in data by using the preferred amplitude model that is determined by the overall fit. An iterative procedure is performed to finalize the decay-time acceptance. This procedure converges in three steps beyond which Γ H does not vary. When we apply this method to pseudoexperiments that include the correlation mentioned before, the fitter reproduces the input values of φ s , Γ H and |λ|.
Fit results
We first choose the resonances that best fit the m ππ distribution. Table 3 lists the different fit components and the value of −2 ln L. In these comparisons, the mass and width of most resonances are fixed to the central values listed in Table 2 , except for the f 0 (980) and f 0 (1500) resonances, whose parameters are allowed to vary. We find two types of fit results, one with positive interference among the contributing resonances and the other with negative interference, defined by the sum of the resulting fit fractions. The first listed Solution I is better than Solution II by four standard deviations, calculated by taking the square root of the −2 ln L difference. We take Solution I for our measurement and II for systematic uncertainty evaluation. The models corresponding to Solutions I and II are very similar to those found in our previous analysis of the same final state [21] .
For the fit we assume that the CP -violation quantities (φ s i , |λ i |) are the same for all the resonances. We also fix ∆m s to the central value of the world average 
17.757 ± 0.021 ps −1 [14] , and fix Γ L to the central value of 0.6995 ± 0.0047 ps
The fit values and correlations of the CP -violating parameters are shown in Table 4 for Solution I. The shape parameters of f 0 (980) and f 0 (1500) resonances are found to be consistent with our previous results [21] . The angular and decay-time fit projections are shown in Fig. 4 . The m ππ fit projection is shown in Fig. 5 , where the contributions of the individual resonances are also displayed. The first two solutions give very similar fit values for φ s and Γ H . We also find that the CP -odd fraction is greater than 97% at 95% confidence level. The resonant content for Solutions I and II are listed in Table 5 .
Systematic uncertainties
The systematic uncertainties for the CP -violating parameters, λ and φ s , are smaller than the statistical ones. They are summarized in Table 6 along with the uncertainty on Γ H − Γ B 0 . The uncertainty on the decay-time acceptance is found by varying the parameters of the acceptance function within their uncertainties and repeating the fit. The same procedure is followed for the uncertainties on the B 0 lifetime, ∆m s , Γ L , m ππ and angular efficiencies, resonance masses and widths, flavour-tagging calibration, and allowing for a 2% production asymmetry [39] ; this uncertainty also includes any possible difference in flavour tagging between B . We remove the Gaussian constraint on ∆Γ s and let Γ H vary. Instead of taking the uncertainties of flavour tagging and decay-time resolution into the statistical uncertainty, we place these sources in the systematic Our results still have uncertainties greater than the SM prediction and are slightly more precise than the measurement using B [29] Y. Freund and R. E. Schapire, A decision-theoretic generalization of on-line learning and an application to boosting, J. LHCb Collaboration
